1. Ion-sensitive micro-electrodes were used to measure the levels of intracellular free Ca2+ within the intact amphibian lens. The free [Ca2+] was found to constitute 0 4 % of the total lens calcium.
INTRODUCTION
The lens of the eye is extremely vulnerable to changes in calcium concentration. Both hypercalcaemia and hypocalcaemia are well described causes of cataract (Brooks, 1975; Clark, Mengel, Bagg & Benedek, 1980; Hightower & Reddy, 1982a; Duncan & Bushell, 1976 ; Delamere & Paterson, 1981; Duke-Elder, 1969) . Calcium has also been shown to control membrane permeability (Jacob & Duncan, 1981 b) and to be an essential component ofthe healing-over process in damaged lenses (Bernardini, Peracchia & Venosa, 1981) . The total calcium level within the lens has been measured extensively (Baldwin & Bentley, 1980; Duncan & van Heyningen, 1977; Hightower & Reddy, 1982b; Jedziniak, Nicoli, Yates & Benedek, 1976) and while it has been shown that the greater part of the calcium is bound to protein or sequestered (Duncan & van Heyningen, 1977) , it has not, until recently, proved possible to measure the relative amounts of bound and free calcium accurately. Following the publication of intracellular free Ca2+ levels within the amphibian lens (Jacob, 1983) this present work reports the effects of changes in the free Ca2+ on cell-to-cell coupling and lens transparency. METHODS Ca2+-selective micro-electrodes were made according to the technique described by Lanter, Steiner, Amman & Simon (1982) , using the Ca2+ ligand ETH 1001. The electrodes were silanized with trimethylsilyldimethylamine (TMSDMA) vapour at 200 'C, back-filled with pCa 7 buffer and the tips broken to 2-3 3m. Next, a column of 100-250 . m of liquid membrane (Oehme, Kessler & Simon, 1976 ) was sucked into the tip of the electrode. The electrode was calibrated using Ca2t buffers with an ionic composition similar to the intracellular environment, containing 125 mM-K+ (Marban, Rink, Tsien & Tsien, 1980) . The pCa 2 and 3 solutions contained 10 mm-and lmM-CaCl2 respectively, 10 mm-MOPS, 125 mM-KC1, pH 7-3. The pCa 4, 5, 6, 7 and 8 solutions contained 10 mM-Ca2t-ligand (NTA, NTA, HEEDTA, EGTA and EGTA respectively), 5 mM-CaCl2, 90 mM-XCl, 35 mM-KOH, 10 mm-H+ buffer (MOPS, TRIS, HEPES, MOPS and HEPES respectively). The pH of the pCa buffers 4, 5, 6, 7 and 8 was adjusted to 7 39, 8-42, 7 70, 7-29 and 7-80 respectively with 1 M-NaOH or HCl.
The 'pCa o' solution had 10 mM-EGTA, no added Ca2+ and pH 7-8. Adding 5-10 mM-Na+ to pCa 7, 8 and Xo had a negligible effect. The control Ringer solution containing 2-0 mM-Ca2+ was arbitrarily used as the zero potential on the calibration curve (A). The dashed line (Fig 1, inset) indicates the theoretical (Nernstian) slope, 29-5 mV per pCa unit at 24 'C. The response is ideal (Nernstian) between pCa 2 and pCa 7 (10 mmto 0-1 gM-free Ca2+) and 10 mV between pCa 7 and pCa 8 (inset Fig. 1 ). The performance of these electrodes was found to be very consistent and the inset calibration curve in Fig. 1 shows the calibration data from six electrodes. The calibrating solutions are designated by their free Ca2+ concentration [Ca2+], given in units of pCa(= -logl0 [Ca2+] ). This convention was chosen instead of the Debye-Huickel activity scale so as to conform with previous measurements (Marban et al. 1980 ) and chemical measurements of Ca2+ dissociation constants (Martell & Smith, 1974) . The pCa scale can readily be converted in -logl0 (Ca2+ activity) on a Debye-Huickel scale using the relationship: aca.+ = acas, [Ca2+] , where aca, = the activity coefficient for Ca2+. Assuming aca2t = 0-36 (Amman, Giuggi, Pretsch & Simon, 1975; Craggs, Moody & Thomas, 1979) , the pCa 6 solution is equivalent to 6-44 in terms of -log10 (Ca2t activity).
In cell-coupling experiments the Ca2+ electrode was replaced by another voltage electrode (internal filling solution 3 M-KCl), and a third micro-electrode was inserted into the lens from which current could be passed to an Ag/Ag Cl wire in the bath that acted as a virtual earth. The magnitude of the current was determined using a current-to-voltage transducer, the output of which was displayed on an oscilloscope. The two voltage signals from high impedance probes (101'5 Q AD 510) were displayed on a second oscilloscope via a double differential amplifier (E.W.S., Norwich).
The lens of the amphibian, Rana pipiens, was extracted as described elsewhere (Jacob & Duncan, 1980) and placed in a Perspex perifusion chamber where it was seated upon an agar/Ringer pad that acted as a voltage reference and the Ca2+-sensitive and voltage micro-electrodes were inserted by hydraulic microdrive. The voltage due to [Ca2+] was recorded as the difference between the two, Vdiff = VcaE -Vm, where VcaE is the potential recorded by the Ca2+ electrode and Vm is the membrane potential recorded by the voltage electrode (filled with 3 M-KCl). The potential and pCa were recorded 500 ,um below the anterior and posterior sufaces of each lens (Fig. 1 ).
RESULTS
After insertion of the voltage and Ca2+ electrodes into the lens, the potential recorded by the voltage electrode was subtracted from that recorded by the Ca2+ electrode to give a value proportional to the intracellular Ca2+ concentration ( Fig. 1 ). There was no indication that the Ca2+ electrode, as it penetrated the lens, registered the Ca2+ concentration in the extracellular spaces between fibre cells. The tip diameter of the Ca2+ electrodes was 2-3 ,um, far greater than the size of the extracellular space, -20 nm (Goodenough, 1979) . Electrodes of these dimensions and with a resistance of 1-5 MQ (before filling with liquid membrane) do not alter the measured electrical properties of the lens (Jacob & Duncan, 1980) . The intracellular pCa was measured at the posterior to be 5 70 + 0-16 (S.E. of mean; n = 15). Whereas there is little mechanical resistance to electrode penetration from the posterior surface, the thickness of the capsule at the anterior surface makes penetration technically much more difficult. Of all the attempts only those which yielded the same membrane potential as that recorded at the posterior (± 5 mV) were used. The measured anterior pCa was 6-59 + 0-14 (n = 4). A gradient of Ca2+ concentration has also been found to exist in the mammalian lens (T. J. C. Jacob & G. Duncan, unpublished) and furthermore, electrode depth studies have revealed that the Ca2+ concentration decreases the further the electrode penetrates below the posterior surface. The intracellular free [Ca2+] could be changed by incubating the lenses in raised Ca2+ or Ca2+-free EGTA-containing solutions. Fig. 2 demonstrates that ifthe lens was incubated in a high-Ca2+ (20 mM) Ringer for 12 hr at 4 'C the pCa fell to 3-45+0-12 (n = 7) at the posterior and 3-73 (n = 2) at the anterior. The lenses also become quite opaque (Fig. 3B ) except for a narrow band beneath the anterior surface. Control lenses, incubated under the same conditions in normal Ringer solution, remained perfectly clear (Fig. 3A) and maintained their potential. The pCa of these control lenses was also well maintained, 5-09+0-18 (n = 4) at the posterior and 5-66+0417 (n = 4) at the anterior. If, after incubation in high-Ca2+ Ringer (20 mM) for 12 hr at 4°C, the lenses were placed in a Ca2+-free EGTA (1 mM) Ringer solution and incubated for a further 12 hr at 4°C the posterior pCa rose to 5 0 (n = 2; Fig. 2 ) and a partial reversal of the opacification occurred. Lenses placed directly into Ca2+-free EGTA Ringer and incubated for 12 hr at 4 'C showed a marked decrease in free Ca2+ concentration. The pCa rose to 7-24 + 0-27 (n = 6) at the posterior and 7-19 + 016 (n = 6) at the anterior. The Ca2+ gradient was thus abolished.
In control lenses, incubated for 12 hr at 4 'C in normal Ringer solution, the coupling ratio (A V1/AV2), as determined by the response of two voltage electrodes (V1 and V2) at different locations within the lens to a current pulse (Fig. 3A ) was found to be very close to unity, 1P06±0-08 (n = 8), provided that the two electrodes were further than 05 mm from the current electrode (at separations less than this polarization artifacts are a significant source of error). In the experiment illustrated in Fig. 3 A the and the membrane resistance at the two separate locations is the same, 8-2+0-5 (n = 8) kQ and 8-3 ± 02 (n = 8) kfl respectively. However, in lenses incubated for 12 hr in 20 mm-Ca2+ Ringer, and in which the pCa had fallen to 3-89+0-21 (n = 5), the coupling ratio was reduced, A V1/A V2 = 0-47 + 0 05 (n = 8) (Fig. 3B) . The voltage measured at the two locations was different, this difference (V1 -V2) being 9-5±2-5 (n = 4) mV, and the resistance measured at both V1 and V2 had fallen. The resistance at V1 was 7-21 +089 (n = 8) kil and at V2 was 3-36±0-46 (n = 8) kQ. Fig. 3 . A, a photograph of a lens on a 1 mm grid, viewed along the optical axis, after 12 hr incubation in control Ringer solution. The measured intracellular pCa of this lens was 6-2 (0-63 /uM). Below are the voltage transients (AV1 and A V2) in response to a current pulse (I) recorded simultaneously at two separate locations within the lens (V1 and V2) as indicated by the schematic drawing (centre). The voltage recorded at V1 = V2 = -65 mV; the resistance (R = V/I, where V is the plateau value of the voltage transient) at both V1 and V2 is 11-2 kQ. The coupling ratio, defined as the ratio of the voltage transients recorded at V1 and V2 in response to the current pulse (I), A V1/A V2 = 1. B, a photograph of a lens, viewed equatorially, after 12 hr incubation in 20 mM-Ca2+ Ringer solution. The measured pCa was reduced to 3-65 (0-22 mM) and the lens had become opaque except for a narrow band beneath the anterior epithelium (right-hand side). Below are the voltage transients recorded at different locations (V1 and V2). The voltage recorded at V1 = -58 mV and at V2 = -45 mV. The resistances measured at V1 and V2 were 6-5 and 2-75 kQ respectively. The coupling ratio, A 1/A V2 = 0-41.
DISCUSSION
The lens is a relatively simple organ consisting of two cell types: columnar fibre cells comprising the bulk of the tissue and a single layer of epithelial cells at the anterior surface. The fibre cells within the lens are in close electrical communication ( Fig. 3A ; and ions are relatively free to move from cell to cell via numerous gap junctions; thus the observed 8-fold anterior/posterior Ca2+ concentration gradient is unexpected and possibly accounted for by the existence of Ca pumps in the anterior epithelium. In the lens under control conditions the free [Ca2+] represents 0 45 0% of the total lens calcium (using a free [Ca2+] averaged across the lens and a value for total calcium of 0-25 mm (Baldwin & Bentley, 1980) ). Under these circumstances the coupling between fibre cells was found to be unity. Thus the resistance from cell to cell is negligible compared to that of the surface membranes.
The over-all resistance, given by R = A V/I where A V is the voltage response to a current pulse I (Fig. 3) , is 109+0048 kQ (n = 29) and is independent of electrode position. The cell-to-cell resistance arises from cytoplasmic and gap junctional resistance and can be represented by (A V1-A V2)/I. If A V1 = A V2 (Fig. 3A) then quite clearly this cell-to-cell resistance is negligibly small. In an opaque lens with raised intracellular free Ca2+ (Fig. 3B) and with an electrode separation of 0 95 mm, this resistance was 3 kQ. Duncan, Patmore & Pynsent (1981) proposed a three-time-constant model to fit their impedance data, the three time constants arising from the surface membranes, internal fibre cell membranes and the extracellular space. Jacob & Duncan (1981 b) further proposed that the surface membranes contained two parallel pathways, one a passive conductance (leak conductance) and the other an active channel (voltage-dependent potassium conductance). This model adequately describes the behaviour of the lens conductance under normal conditions but needs to be modified to account for the uncoupling observed when the intracellular free [Ca2+] is raised to 0-22 mM.
One effect of elevated intracellular Ca2+ in other tissues is to cause cell uncoupling by closing gap junctions (Rose & Loewenstein, 1975) . Recently this has been shown to occur in isolated lens gap junctions (Peracchia & Peracchia, 1980) and in situ in liquid nitrogen frozen and thawed lenses . It is possible that the observed uncoupling (Fig. 3B) is a result of the closing of gap junctions caused by the elevated free [Ca2+]. This being the case it is necessary to include an element, Rgj arising from gap junctions, in the cell-to-cell path of the model. An increase in total lenticular calcium is associated with cortical cataract (Duncan & Bushell, 1976) . Increasing the Ca2+ content leads to an increase in light scatter over and above that due to a swelling of the lens. There are two possible mechanisms for this Ca2+-induced light scatter, the first involving a change in the structure of lens protein (Siezen, et al. 1978) and the second involving a macroscopic change in fibre membrane structure (Clark et al. 1980) . Calcium is also involved in the organization of membrane proteins and control of membrane permeability. Small increases in Ca2+ concentration have been shown to cause the crystallization of gap junctional particles while the removal of external Ca2+ has been shown to lead to an increase in non-specific membrane permeability and an inactivation of voltage-sensitive potassium channels .
There is an obvious physiological advantage to the lens as a whole if, when a small area becomes damaged, this area can be isolated by closure of all adjacent gap junctions. This would be achieved by the rapid influx of extracellular Ca2+ that would occur following injury or membrane damage. It has been shown in this report that uncoupling indeed occurs when the intracellular free Ca2+ is raised. 
